by whole-brain connectomics [18] , or based on the uncertainty 44 in the main eigenvector of the diffusion tensor [19] . Most of 45 these methods for reducing spurious streamlines are based on 46 density estimation in R 3 . In contrast, in the current study fiber- lowing for a stable estimation of the ML-TP distance.
64
In the current study the validity of the distance measure- between the prediction of the damage to the OR and the mea-71 sured damage in a post-operative image is compared, giving an 72 indication of the overall error in distance measurement.
73
The main contributions of this paper are:
74
• Quantification of spurious streamlines. We provide FBC 75 measures that quantify how well-aligned a streamline is 76 with respect to neighboring streamlines.
77
• Stability metrics for the standardized removal of spurious 78 streamlines near the anterior tip of the Meyer's loop.
79
• Robust estimation of the variability in ML-TP distance 80 by a test-retest evaluation.
81
• Demonstration of the importance of the FBC measures by 82 retrospective prediction of the damage to the OR based 83 on pre-and post-operative reconstructions of the OR of 84 epilepsy surgery candidates. 
Materials and methods

86
Subjects
87
Eight healthy volunteers without any history of neurolog-88 ical or psychiatric disorders were included in our study. All 89 volunteers were male and in the age range of 21-25 years. Fur-90 thermore, three patients were included who were candidates for 91 temporal lobe epilepsy surgery. For each patient a standard pre-92 and post-operative T1-weighted anatomical 3D-MRI was ac-93 quired. The preprocessing of the T1-weighted scan and DWI data 127 is outlined in Figure 2 (top-left box). All data preprocessing is 128 performed using a pipeline created with NiPype [20] , which al-129 lows for large-scale batch processing and provides interfaces to 130 neuroimaging packages (FSL, MRtrix). The T1-weighted scan 131 was first aligned to the AC-PC axis by affine coregistration (12 132 degrees-of-freedom) to the MNI152 template using the FMRIB 133 Software Library v5.0 (FSL) [21] . Secondly, affine coregis-134 tration, considered suitable for within-subject image registra-135 tion, was applied between the DWI volumes to correct for mo-136 tion. Eddy current induced distortions were corrected within 137 the Philips Achieva scanning software and did not require fur-138 ther post-processing. The DWI b=0 volume was subsequently 139 affinely coregistered to the axis-aligned T1-weighted scan using 140 normalized mutual information, and the resulting transforma-141 tion was applied to the other DWI volumes. The DWI volumes 142 were resampled using linear interpolation. After coregistration, 143 the diffusion orientations were reoriented using the correspond-144 ing transformation matrices [22] . 
Probabilistic tractography
146
Probabilistic tractography of the OR (outlined in Figure 2 The stability metrics to identify spurious streamlines are 
199
The application of these metrics is important to obtain a stable 200 measurement of the ML-TP distance as indicated in Figure 1 201 (right).
202
The 
where y and n are the position and orientation of a streamline 212 element, N i is the number of points in the streamline and i de-213 notes the index within the streamline bundle Γ = N i=1 {γ i }. To 214 include a notion of alignment between neighboring streamline 215 tangents, we embed the lifted streamlines into the differentiable 216 manifold of the rigid-body motion Lie group SE(3). Within 217 this differential structure, a measure is defined that quantifies 218 the alignment of any two lifted streamline points with respect 219 to each other in the space of positions and orientations
[30, 31, 32] . In order to compute this measure, kernel density 221 estimation is applied using a (hypo-elliptic) Brownian motion 222 kernel (see Figure 3 , top left). The kernels used in the kernel 223 density estimation have a probabilistic interpretation: they are 224 the limiting distribution of random walkers in R 3 × S 2 that ran-225 domly move forward or backward, randomly change their ori-226 entation, but cannot move sideways [33, 34] . The FBC measure 227 results from evaluating the kernel density estimator along each 228 element of all lifted streamlines, shown in Figure 3 (top right) 229 where the FBC is color-coded for each streamline.
230
A spurious streamline can be identified by a low FBC that 231 occurs anywhere along its path. For this purpose, a scalar mea-232 sure for the entire streamline is introduced, called the relative 233 
The numerator AFBC α (γ i , Γ) gives the minimum average FBC The procedure is illustrated for a healthy subject in Figure 4 , 274 showing the mean and standard deviation of the ML-TP dis-275 tance for increasing values of ǫ. Initially, a high variability is 276 seen at ǫ = 0, indicating the presence of spurious streamlines 277 near the anterior tip of the Meyer's loop. At ǫ = 0.075 most spu-278 rious streamlines are removed and a variability in the order of 279 several millimeters is seen. The variability rises and falls during 280 0.1 ≤ ǫ ≤ 0.3. A stable region is obtained at ǫ ≈ 0.3, however 281 at this point too many streamlines have been discarded accord-282 ing to the condition RFBC α (γ i , Γ) ≥ ǫ and thereby the ML-TP 283 distance will be overestimated. In order to estimate the mini-284 mal threshold ǫ selected , in which the ML-TP distance is neither 285 under-nor overestimated, a maximum is set for the variability 286 of 2 mm. This maximum is based on the maximal accuracy 287 of 2-5 mm that may be achieved during resective surgery. In 288 the selection procedure, ǫ is set at the first occurrence of low 289 variability, i.e.
Standardized parameter selection
where σ(ǫ) denotes the standard deviation in ML-TP for the 291 chosen ǫ. After crossing the 2 mm threshold on variability, 292 ǫ selected is placed on the local minimum of σ(ǫ). Using this pro-293 cedure, in the example shown in Figure 4 the ML-TP is esti-294 mated for ǫ = 0.075 at 36 mm. This ML-TP distance is within 295 the range of 22 to 37 mm as reported by Ebeling & Reulen [36] , 296 who performed a dissection study on 25 human cadavers.
297
For the patients studied, the distance measurement out-298 comes are compared to the predicted damage of the OR af-299 The effect of the removal of spurious streamlines on the 331 ML-TP distance measurement using the FBC measures is 332 demonstrated for eight healthy volunteers. For each volunteer 333 the mean ML-TP distance and its standard deviation are listed 334 in Table 1 for the left and right hemisphere, together with its 335 corresponding test-retest variability. The additional value of 336 the FBC measures for a robust ML-TP distance measurement 337 is further evaluated for three patients who underwent a TLR. The parameter estimation based on test-retest evaluation is 339 illustrated in Figure 5 for the reconstructed OR of the left hemi- 
367
On the group level the ML-TP distances listed in Table 1 are 368 on average 31.7 ± 4.7 mm for the left hemisphere and 28.4 ± 
Pre-and post-operative comparisons
376
The importance of the robust ML-TP distance measure-377 ment is illustrated for three patients who underwent resective 378 epilepsy surgery. Figure 6 displays the pre-operative (first and 379 last columns) and post-operative reconstructions (second and 380 third columns) of the OR and indicates for both hemispheres the 381 estimated ML-TP distances (first and second column). Given 382 is also the resection length (third column) and the pre-operative 383 reconstruction of the OR along with the predicted damage, indi-384 cated by the red colored streamlines (fourth column). The pre-385 and post-operative distance measurements and the correspond-386 ing values of ǫ are listed for both the left and right hemisphere 387 in Table 2 . Furthermore, the predicted damage is listed in Ta-388 ble 2 and reflects the distance between the pre-operative ML-TP 389 distance and the resection length. Finally, the margin of error is 390 indicated, defined as the difference between the predicted dam-391 age and the observed damage.
392
The tractography results indicate that for patients 1 and 2 393 the OR is damaged, likely resulting in a disrupted Meyer's loop 394 for both patients. The perimetry results of these patients indi-395 cated a visual field deficit (VFD) of 60 degrees for patient 2, 396 which was smaller than the VFD measured for patient 1 at 90 397 degrees despite the larger resection of patient 2 (see Table 2 ). 398 Note, that for patient 3, for whom there was no damage to the 399 OR, the reconstruction of the OR is well reproducible for both 400 hemispheres, with a difference of maximally 3.0 mm including 401 the variability in ML-TP distance. The difference between the 402 predicted damage and the observed damage was small for these 403 patients, indicating an maximum error of the predicted damage 404 of the OR of 5.6 mm or less. The reproducibility of the re-405 construction results obtained following the procedures as here 406 described is further confirmed by the unaffected hemispheres 407 of each individual patient, which show a similar anterior extent 408 for both pre-and post-operative reconstructions of the OR. The 409 ML-TP distance of the OR reconstructed for the OR of the non-410 pathologic hemisphere showed deviations for the two different 411 scans of maximally 3.1 mm, 2. A c c e p t e d M a n u s c r i p t Table 2 : The results listed for the pre-and post-operative comparison of the reconstruction of the OR for both hemispheres of the three epilepsy surgery candidates included in our study. Distance measurements of the anterior extent of the OR to the temporal pole (ML-TP) are displayed along with the variability in probabilistic tractography for the corresponding ǫ selected . Furthermore, the resection lengths, predicted and observed damages, and the measured margins of error are listed for the affected hemispheres.
the damage to the OR as result of a TLR performed to render 428 patients seizure free. 
Procedures for the reconstruction of the OR
447
The MRtrix software package was employed for the es- by modifying the response function to account for non-white 464 matter partial volume effects, which may improve the recon-465 struction of the OR. In the current study, the LGN was identi-466 fied manually and could possibly be improved by using a semi-467 automatic method such as presented by Winston et al. [44] . 468 Another approach proposed by Benjamin et al. [45] is to place 469 different ROIs around the LGN and within the sagittal stratum, 470 or by seeding from the optic chiasm [46] . A recent study sug-471 gested using seeding around the Meyer's loop with an a-priori 472 fiber orientation [47] . 
Application of the stability metrics
474
The FBC measures are used for the quantification of spuri-475 ous streamlines. These FBC measures are based on the estima-476 tion of streamline density in the space of positions and orien-477 tations R 3 × S 2 . An advantage of the FBC method is that it is 478 generally applicable, regardless of the type of diffusion model 479 and the tracking algorithm being used, since it depends only 480 on the outcome of tractography. A possible limitation of the 481 FBC measures are the number of streamlines that can be pro-482 cessed, since for densely populated regions of streamlines the 483 method is computationally expensive. However, through the 484 use of several optimization steps such as pre-computed lookup 485 tables for the Brownian motion kernel, multi-threaded process-486 ing, subsampling of streamlines, and the exclusion of far-away 487 streamline points, the computation times maintain manageable. 488 Details are available in Appendix B.
489
In order to remove spurious fibers while preventing an un-490 derestimation of the full extent of the Meyer's loop, a procedure 491 for estimating ǫ selected was introduced based on the test-retest 492 evaluation of the variability in ML-TP distance. Using this 493 methodology, a robust measurement of the ML-TP distance was 494 achieved in the left and right hemispheres of eight healthy vol-495 A c c e p t e d M a n u s c r i p t unteers. The variability in the reconstruction results of the OR stems mostly from data acquisition (e.g. SNR, partial volume effects, and patient motion) [48] . Therefore, ǫ selected may vary 498 between pre-and post-operative scans in the non-affected hemi-499 sphere (see Table 2 ). The mean ML-TP distances for both brain Table 2 ), which suggests a good repro-543 ducibility, albeit for a limited number of patients.
544
In the standardized estimation procedure of ǫ selected the max- [56] if a stereotactic frame is 551 used or robotic assistance is involved. After the leakage of 552 CSF however, cortical displacement up to 24 mm may be seen 553 [57] , while other sources of inaccuracy are likely present such 554 as echo-planar imaging distortion, partial volume effects, and 555 image noise. However, despite these inaccuracies the pre-and 556 post-operative comparison of the OR reconstructions indicates 557 that the procedures developed in this study are a valid tool to 558 assess the robustness of the distance measurements.
559
It appeared that the robust estimation of the ML-TP dis-560 tance enabled to predict the damage of the OR after surgery, 561 which was concordant with the actual damage for the three pa-562 tients studied. Based on the damage prediction the margin of 563 error was estimated, giving an indication of the overall error in 564 distance measurement. The perimetry results of two of the pa-565 tients studied indicated damage of either the left or right visual 566 field, corresponding to a disruption of the Meyer's loop. A rel-567 atively small VFD was indicated for patient 2 despite the large 568 temporal lobe resection. This result may be indicative of the 569 large inter-patient variability in OR anatomy and function, but 570 may also be the result of the non-standardized procedures for 571 visual field testing in-between hospitals. It is recommended to 572 evaluate the developed methodology further in a clinical trial 573 including a sizable group of patients who are candidate for a 574 TLR in order to be able to assess what the relation is between a 575 VFD and the damage to the OR after a TLR. 
Conclusion
577
It was shown for a group of healthy volunteers included 578 in this study that standardized removal of spurious streamlines 579 provides a reliable estimation of the distance from the tip of 580 the Meyer's loop to the temporal pole that is stable under the 581 stochastic realizations of probabilistic tractography. Pre-and 582 post-operative comparisons of the reconstructed OR indicated, 583 furthermore, 1) the validity of a robust ML-TP distance mea-584 surement to predict the damage to the OR as result of resective 585 surgery, and 2) the high reproducibility of the reconstructions 586 of the non-pathological hemisphere. In conclusion, the devel-587 oped methodology based on diffusion-weighted MRI tractog-588 raphy is a step towards applying optic radiation tractography 589 for pre-operative planning of resective surgery and for provid-590 ing insight in the possible adverse events related to this type of 591 surgery. 
624
The kernel density estimator is defined by Fokker-Planck 
Here, p t (y, n) denotes the Green's function of the evolution pro-638 cess in Equation A.2, which equals the probability density of 639 finding a random oriented particle at position y, with orienta-640 tion n, at time t ∈ R + given that it started at position 0 and denotes the probability density of finding a random oriented 647 particle at y and pointing at orientation n at time t > 0 given 648 that it started at some point of the bundle Γ at t = 0. For exact 649 formulas for the kernel p t (y, n), and the Gaussian approxima-650 tions that we used for our computations, see [34] .
651
A whole streamline measure, the relative FBC (RFBC), is 652 calculated by the minimum of the moving average LFBC along 653 the streamline γ i The FBC measures are implemented inside DIPY [37] us-664 ing the high-speed Cython (C++ in Python) language. The ker-665 nel density estimation is executed with multithreading via the 666 OpenMP library, which especially for cluster computing pro-667 vides a significant speedup. To further accelerate the kernel 668 density estimation, lookup-tables are computed containing ro-669 tated versions of the kernel p t rotated over a discrete set of ori-670 entations [60] . The rotated versions are equally distributed over 671 a sphere to ensure rotationally invariant processing. To be able 672 to use the lookup table during kernel density estimation, each 673 (continuous) streamline tangent orientation is matched with the 674 closest (discrete) orientation on the sphere. For efficient imple-675 mentation of orientation matching, a KD-tree is used, which is 676 a multi-dimensional (K=3) binary space partitioning, to mini-677 mize the number of angular distance computations.
678
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